Introduction
Common to all vessels of the vasculature is the endothelium, which is a single layered sheet of squamous, polarised cells that are primarily responsible for all signalling and transportation from blood to tissue and vice versa (Cines et al, 1998) . As the body ages, so does the vasculature and ageing of the vasculature is accompanied by a number of changes such as reduced vasoregulation (Taddei et al, 2001 ), delayed and/or altered angiogenesis (Agah et al, 2004 , Sadoun & Reed, 2003 , reduced repair capacity and altered blood vessel composition (Izzo Jr. & Mitchell, 2007) .
Different types of endothelial cells have been isolated and cultured to understand the biology and pathobiology of the vasculature and the angiogenic response. The most widely used type isolated from human umbilical vein (named HUVEC) show a characteristic cobblestone shape when cultured, although cell borders are indistinct and hard to visualise (Jaffe et al, 1973) . Senescent HUVEC cultures have been described as very heterogeneous with greatly enlarged cells containing multiple cytoplasmic protrusions coupled with positive staining for senescence associated β-galactosidase (SA β-gal) activity (Kalashnik et al, 2000 , Unterluggauer et al, 2003 .
In vivo, angiogenesis is mediated by the microvasculature and the angiogenic response of human microvascular endothelial cells (HMVEC) has been suggested to be stronger than that of HUVEC because of differing expression of matrix metalloproteases (Jackson & Nguyen, 1997) , However, HMVEC are generally more fastidious in their culture requirements than HUVEC making longterm culture more challenging.
Functional studies of endothelial cells have been carried out in culture, as endothelial cells cultured in the presence of an extracellular matrix (ECM) organise themselves into tube-like structures.
Depending on the conditions, the tube structures will form in two or three dimensions (Staton et al, 2009 ). This response is seen as a mimic of natural endothelial behaviour during angiogenesis, and as such has been used as a simple in vitro angiogenesis assay. As expected for endothelial cells, low
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passage HUVEC form tube-like structures when cultured on top of gels formed by ECM proteins such as collagen-1 or Matrigel (Unger et al, 2002 In this study, we have cultured both micro-and macrovascular endothelial cells until the onset of replicative senescence. Minor differences in morphology between the two cell types at corresponding ages were found, while the senescent cells were distinguishable from young cells on the basis of morphology and SA β-gal activity. Finally, studying the function of the activated endothelial cells, we found that in vitro tube formation of the cells diminished as the culture aged and, thus, the number of senescent cells increased. This observation suggests that long-term culture of endothelial cells may serve as a suitable model of vascular ageing. Intriguingly, a pronounced and increasing SA β-gal activity was observed in cells regardless of age when cultured on Matrigel.
However, this increase was not accompanied by a corresponding increase in γ-H2A.X positive cells after cultivation on Matrigel. This suggests that the increased SA β-gal activity did not reflect a similar increase in senescent cells and questions the validity of this particular marker in the evaluation of senescence in differentiated endothelial cells.

Materials and Methods
Cell culture
HMVEC isolated from adult dermis as well as HUVEC were obtained from Clonetics Cell Systems (Lonza, Basel, Switzerland) . HUVEC NS2 were kindly provided by Professor Pidder Jansen-Dürr of the Austrian Academy of Sciences in Innsbruck (Austria). For each passaging the resulting PD estimation was added to the sum of PD from the previous passages to achieve the cumulative population doubling level (CPDL), which was plotted against time to obtain a growth curve.
HMVEC were cultured in Endothelial Cell
Tube formation assay
Wells of 96-well (Corning, Lowell, MA) or 4-well (Nunc, Roskilde, Denmark) cell culture plates were coated with BD Matrix Growth Factor Reduced Matrigel™ (BD Biosciences, San Jose, CA) at 4°C. The gel was allowed to polymerise in the 37°C CO 2 -incubator for at least 30 minutes before Senescence evaluation -SA β-gal activity assay Cells were examined for senescence associated β-galactosidase activity, which is a widely accepted marker for cellular senescence (Dimri et al, 1995) . Briefly, cells were washed twice with phosphate buffered saline (PBS) and fixed with 2% formaldehyde, 0.2% glutaraldehyde solution in PBS for 3-5 min at room temperature (RT). The fixed cells were washed twice with PBS before addition of 1 mg/ml X-gal in NN-dimethylformamide, 2 mM MgCl 2 , 150 mM NaCl, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 40 mM citric acid/Na phosphate buffer, pH 6.0. Cells were incubated with the staining solution overnight at 37°C and washed twice with H 2 O and allowed to dry before visual examination in an inverted light microscope. Cells forming tubes on Matrigel were stained using the same procedure, although the stained tubes were not dried prior to examination.
Lysosome detection
The lysosomal content of the cells was evaluated using a fluorescent LysoTracker probe (Invitrogen, Carlsbad, CA). HUVEC NS2 cells were seeded on plastic and Matrigel in 24-well plates (Corning) at a density of 40 000 cells per well and allowed to attach/form tubes overnight.
The following day the growth medium was replaced with fresh, warm growth medium containing 100 nM LysoTracker Red DND-99, and the cells were incubated for 2 hours in the CO 2 -incubator.
The LysoTracker solution was replaced with normal growth medium and the cells examined for red
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fluorescence under an inverted fluorescence microscope (Leica DMI 3000B (Wetzlar, Germany) equipped with an Olympus DP72 CCD camera (Olympus, Ballerup, Denmark).
Kinetic study of LysoTracker and SA β-gal staining
To study the staining of lysosomes with LysoTracker Red DND-99 and SA β-gal activity, low and high passage HUVEC NS2 cells (40 000 
Immunocytochemical staining
Low and high passage HUVEC NS2 cells were seeded in 24-well plates with or without prior coating with Matrigel and allowed to grow for 16 hours before fixation in 2% paraformaldehyde diluted in PBS for 15 min. The cells were permeabilized with 0.1% Trion-X-100 for 5 min prior to blocking in 5% FCS for 1 hour. After washing, the wells were incubated with primary antibody, rabbit-anti-γ-H2A.X (Abcam, Cambridge, UK) for 1 hour followed by incubation for 45 min with goat-anti-rabbit-Alexa546 (Invitrogen). Stained cells were overlaid with VectaShield antifade with DAPI (Vector Laboratories, Burlingame, CA) before visualization using an inverted fluorescence microscope equipped with filter sets for DAPI and red fluorescence.
Cellular expression of endothelial cell markers
Cells were analysed for expression of endothelial cell markers von Willebrand Factor (vWF) and platelet endothelial cell adhesion molecule/CD31. Cells were washed trice in cold PBS before fixation for 2 min at -20°C with a methanol/acetone mixture. After three additional washes, the 
Results
Cell cultures
The human microvascular cell line, HMVEC, was continuously passaged until senescence, which 
Tube formation assay
The tube formation assay was used to test the function of the activated endothelial cells throughout their lifespan. At several time points HMVEC were assessed for their tube formation ability as shown in Figure 2 . Low passage cells formed many short tubes and the overall picture resembles that of a honeycomb ( Figure 2A ). As the cells aged and entered the second half of their lifespan, the tubes became longer and the branch points fewer ( Figure 2B-E) . Finally, as the growth rate slowed down and the culture reached senescence, the cells eventually stopped forming tubes altogether ( Figure 2E and F) while the cells appeared to form clusters, which may represent the node points of the tubes.
As for HMVEC, the tube formation ability of HUVEC was affected by cellular ageing. While low passage (not shown) and mid-life ( Figure 3A ) cells did form tubes when cultured on Matrigel, this ability appeared to diminish as the culture approached senescence, with senescent cells hardly forming tubes at all ( Figure 3C ). As seen in Figure 3 , the ageing cells appeared to concentrate in
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branch points rather than spread out and form tubes. This behaviour could reflect a reduced ability to migrate and/or differentiate with advancing age.
Correlation between tube formation ability and appearance of senescent cells in culture
To see if the appearance of senescent cells in culture could be definitely linked with reduced tube formation, the SA β-gal assay was attempted for HUVEC NS2 cells cultured on Matrigel. Cells cultured on Matrigel did stain positively for β-gal activity in an age-related manner, but, interestingly, stained cells appeared earlier and were much more prominent when cultured on Matrigel than when cultured on plastic (Figure 4 ). Because SA β-gal activity has been shown to be lysosomal β-gal activity, it seemed relevant to evaluate whether the increased SA β-gal activity observed in the tubes could be caused by an increased lysosomal content. To achieve this goal, cells seeded on Matrigel and cells seeded on plastic were incubated with a LysoTracker probe that accumulates and fluoresces in the acidic organelles of cells. As seen in Figure 5 , the tubes were strongly fluorescent ( Figure 5C ) while fluorescence in the cells seeded on plastic generally was much weaker with only the occasional cell showing strong fluorescence ( Figure 5D ). The picture for cells assayed for SA β-gal activity was similar, with tubes being strongly positive ( Figure 5E ) and cells seeded on plastic less positive ( Figure 5F ).
To investigate whether the increased LysoTracker/SA β-gal activity in tube forming cells was a result of differentiating endothelial cells, the LysoTracker fluorescence and SA β-gal activity were evaluated at different time points after seeding in both low passage and high passage HUVEC. As 
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at the early time points ( Figure 6A -B, E-F). Supporting this, the age-associated difference in
LysoTracker intensity was also evident in the cells seeded on plastic (Figure 6 , I-L). In parallel, cells were assayed for SA β-gal activity where a similar but less pronounced increase in activity with time was observed in cells seeded on Matrigel (not shown).
Evaluation of endothelial senescence with DNA damage marker during differentiation
As the increased SA β-gal activity in endothelial cells cultured on Matrigel indicated that SA β-gal activity might not be a good marker for endothelial cell senescence, low and high passage HUVEC were analysed for the presence of a DNA damage response signified by the expression of γ-H2AX.
As seen in Figure 7 , high passage cells showed punctuate nuclear staining with a γ-H2AX antibody at a similar level whether cultured on plastic or Matrigel ( Figure 7D and H), while nuclear staining of low passage cells was extremely limited (Figure 7B and F).
Discussion
Endothelial cell culture has been used extensively to describe many of the changes happening with ageing of the vasculature. However, the application of a continuously dividing cell culture system, which eventually undergoes senescence, to the study of a cell type that in vivo is mostly quiescent has some obvious disadvantages. This study was undertaken to investigate the validity of the Hayflick model on a particular aspect of vascular ageing, namely the well-documented reduction in blood vessel formation happening with ageing.
To cover different parts of the vascular endothelium both macro-(HUVEC) and microvascular (HMVEC) primary cell cultures were used. As described, HUVEC is the most extensively studied endothelial cell type, primarily because they are relatively easy to isolate and culture. Therefore, this cell type was chosen rather than more recently available and not thoroughly characterised somatic macrovascular endothelial cell types, although they might have been more interesting from
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a physiological point of view. The dermal HMVEC isolated from adults were chosen because they represent a cell type that is often activated and involved in angiogenesis.
Morphologically, HUVEC and HMVEC cultures were quite similar in young and middle age with slight variations in shape from the traditional cobblestone appearance to more of a spindle shape, although the degree of confluence in the cultures did influence the cell shape. As the cells aged, they started showing typical signs of senescence with changes in shapes and increased size as well as SA β-gal activity. In fact, the most prominent difference between senescent HUVEC and HMVEC was the observed quite substantial cell loss during the last few passages of HUVEC cultures. This might be due to apoptosis as senescent HUVEC has been reported to undergo extensive apoptosis (Hampel et al, 2004) . In contrast, apoptosis did not seem to be prominent in the senescent HMVEC cultures, which could be maintained for several weeks with no obvious changes in cell density. This is in accordance with earlier reports of stable senescent HMVEC cultures (Ha et al, 2007 , Yang et al, 1999 . Reports on long-term culture of HMVEC are scarce and apparently none of them have addressed tube formation ability, although migration of HMVEC was reportedly reduced with ageing (Reed et al, 2000) .
In an attempt to further investigate the correlation between endothelial cell senescence and tube and presumably do not contain β-galactosidase. However, the fact that they are acidic might explain why endothelial cells cultured on Matrigel exhibited a higher degree of SA β-gal staining than expected for their age. If SA β-gal is in fact normal lysosomal β-gal, the enzymatic activity is maximal around pH 4. The staining procedure is performed at pH 6.0. However, if the endothelial cells contain a considerable amount of acidic vesicles, that might be enough to shift the pH of the buffer sufficiently low as to allow a greater enzymatic activity and consequently a more intense staining. In accordance with this, the LysoTracker probe does not fluoresce in lysosomes specifically, but rather in acidic vacuoles in general.
The observation that SA β-gal activity increased in cells cultured on Matrigel regardless of age naturally questions the validity of this presumed marker of cellular senescence in assessing the cellular age of differentiating endothelial cells. In order to confirm that the observed increase was unrelated to the replicative age of the cells, cells cultured on plastic and on Matrigel were analysed for the expression of γ-H2A.X, which is a component of the DNA damage response and has been shown to be expressed in the nucleus of senescent cells (Wang et al, 2009) . As expected, γ-H2A.X staining was found in the nuclei of high passage cells with a similar frequency regardless of the
culture conditions (Figure 7 ). In contrast, in low passage cells the staining was negligible both on plastic and Matrigel as would be expected based on the replicative age of the seeded cells.
Consequently, a DNA damage response does not appear to be initiated during differentiation on Matrigel. Previously, various studies have questioned the relevance of SA β-gal activity as a relevant marker of cellular senescence. Yang and Hu (2005) found that SA β-gal activity in human foreskin fibroblasts increased not only with cellular age, but also in confluent quiescent cells, in serum-starved cells and in cells treated with H 2 O 2 . Additionally, a number of studies have failed to find a correlation between the intensity of SA β-gal staining and donor age in vivo (Cristofalo, 2005) . In conjunction with these observations and based on the presented data, SA β-gal activity as a measure of cellular senescence is questionable when assaying differentiating endothelial cells.
In conclusion, from the presented results it appears possible that senescence of the endothelium contributes to the age-related reduction in angiogenesis, and that long-term endothelial cell culture can serve as an appropriate, albeit simple, model of the reduction of angiogenic potential occurring during vascular ageing. This model will enable the high throughput screening of compounds and antibodies having an effect on angiogenesis during ageing. Furthermore, these results indicate that endothelial differentiation when cultured on Matrigel is accompanied by an increase in the number of lysosomes as illustrated by the LysoTracker probe and SA β-gal activity.
Additionally, this observation highlights that SA β-gal activity may not be particularly relevant as a marker of senescence during endothelial differentiation and should in any case not be used as the sole marker when evaluating endothelial senescence but should be confirmed by independent markers.
